All higher eukaryotes live in a relationship with diverse microorganisms which colonize their 28 bodily surfaces; plants are no exception. However, we still lack a satisfactory understanding 29 of how these loosely associated microbiomes with immense diversity and functional potential 30 interact with their hosts or how these interactions shape processes within populations and 31 ecosystems. There is considerable similarity between microbial communities colonizing plant 32 surfaces such as roots, and those of the animal gut. This often overlooked parallel allows us to 33 look at microbial as well as host ecophysiology from a fresh perspective. The traps of 34 carnivorous plants are sophisticated digestive organs and interface environments between the 35 supply and the demand for nutrients. We selected the miniature ecosystem in the traps of 36 aquatic carnivorous Utricularia plants as our model system. By assessing the trap-associated 37 microbial community structure, diversity, function, as well as the nutrient recycling potential 38 of bacterivory, we gained insight into the nutrient acquisition strategies of the Utricularia 39 hosts. We conclude that trap ecophysiological function is in many aspects highly analogous to 40 that of the herbivore gut and centers around complex microbial consortia, which act 41 synergistically to covert complex organic matter, often of algal origin, into a source of 42 nutrients for the plants. 43 44 Key words: algae, bacteria, ciliate bacterivory, digestive mutualism, fungi, herbivory, 45 nutrient turnover, plant-microbe interactions, protists, Utricularia traps. 46 47
Introduction
Nucleic acid extractions were conducted according to a modified bead-beating protocol 140 (Urich et al., 2008) . Total DNA was quantified fluorometrically using SybrGreen (Leininger 141 et al., 2006) . The PCR primers (515F/806R) targeted the V4 region of the SSU rRNA, 142 previously shown to yield accurate phylogenetic information and to have only few biases 143 against any bacterial taxa (Liu et al., 2007; Bates et al., 2011; Bergmann et al., 2011) . Each 144 sample was amplified in triplicate, combined, quantified using Invitrogen PicoGreen and a 145 plate reader, and equal amounts of DNA from each amplicon were pooled into a single 1.5-ml 146 microcentrifuge tube. Once pooled, amplicons were cleaned up using the Ultra Clean PCR with average 66.000 reads per sample. Quality filtering of reads was applied as described 152 previously (Caporaso et al., 2010) . Reads were assigned to operational taxonomic units 153 (OTUs, cut-off 97% sequence identity) using an open-reference OTU picking protocol with 154 QIIME implemented scripts (Caporaso et al., 2010) . Reads were taxonomically assigned 155 using Green Genes database, release 13.08 as reference. Those reads which were assigned as 156 "chloroplast" and "mitochondrion" were excluded from further analyses.
To obtain a more function-related point of view, three Utricularia vulgaris 175 metatranscriptomes were compared to 43 metagenomes/metatranscriptomes from 6 different 176 habitats. The sequences from these studies were obtained from the MG-RAST server ( Table   177 S1) 178 179
RNA-seq analysis for functional profiling of the U. vulgaris trap-associated microbiome 180 To assess the actively transcribed microbial gene pool, total RNA was extracted from the U. 181 vulgaris trap samples (n=3), using the protocol identical to that described in detail previously 182 (Sirová et al., 2014) 196 2015) . All contigs which gave significant hit (e-value <0.0001, min score 80) were excluded 197 from further analyses. Contigs were also blasted against the SILVA database (release 111) to 198 identify ribosomal RNAs (rRNAs). Those sequences that gave BLAST bit score greater than 199 80 were marked as potential rRNAs and extracted from the dataset. Reads were than mapped were as follows: initial denaturation (10 min, 95°C) followed by 40 cycles of 1 min at 95°C, 1 240 min at 56°C, 1 min at 72°C, and completed by fluorescence data acquisition at 72°C used for 241 target quantification. Fungal DNA standards consisted of a dilution series (ranging from 10 1 242 to 10 7 gene copies µl −1 ) of a known amount of purified PCR product obtained from genomic 243 Aspergillus niger DNA by using the SSU gene-specific primers nu-SSU-0817-5' and nu-244 SSU1196-3' (Borneman and Hartin, 2000) . R 2 values for the fungal standard curves were > 245 0.99. The slope was between −3.34 to −3.53 giving estimated amplification efficiency 246 between 95 and 93%, respectively.
247
Detection limits for the various assays (i.e. lowest standard concentration that is 248 significantly different from the non-template controls) were less than 100 gene copies for 249 each of the genes per assay. Samples, standards, and non-template controls were run in 250 duplicates. To deal with potential inhibition during PCR, the enhancers (BSA, DMSO) were 251 added to the PCR mixture. Also several dilutions (10×, 20×, 50×, 100×, and 1000×) for each 252 sample were tested to see the dilution effect on Ct values. (Hales et al., 1996) . The qPCR conditions for mcrA gene 261 were as follows: initial denaturation (10 min, 95°C) followed by 35 cycles of 30s at 95°C, 1 262 min at 50°C, 1 min at 72°C, and completed by fluorescence data acquisition at 72°C used for 263 target quantification. Standards consisted of a dilution series (ranging from 10 1 to 10 7 gene 264 copies µl −1 ) of a known amount of purified PCR product obtained from genomic DNA of Ten U. reflexa plants were divided into three segments of increasing age (young, mature, old).
286
Each segment contained 6 leaf whorls. Trap fluid was collected from the traps in each 287 segment (see Sirová et al., 2009 ) and a pooled sample (~750 µl for each age category) from 288 all ten plants was made. Bacterial and protozoan counts in the trap fluid samples were 289 estimated using epifluorescence microscopy, according to methods described previously 290 (Šimek et al., 2000) .
291
The protist grazing rates were estimated using fluorescently labelled bacteria (FLB) as ciliates were inspected for FLB ingestion in each replicate sample. To estimate total protist 299 grazing, we multiplied average uptake rates of protozoa by their in-situ abundances as 300 previously described (Šimek et al., 2000) .
Our results show that Utricularia plants harbor microbial communities rich in both taxonomic 304 composition and metabolic capabilities. We have identified over 4,500 distinct OTUs in the 305 traps and periphyton (see the complete OTU list in Supplementary Table 2a, 2b) . Microbial 306 (prokaryotic) alpha diversity in two studied Utricularia species was significantly higher than 307 that found in the traps of other carnivorous plants and was comparable to that observed in 308 other high-diversity systems: the rhizosphere and the cow gut (Table 1) . A comparison with 309 datasets from other environments with regards to composition (Figure 2a ) revealed that the 310 Utricularia trap microbiomes are species-specific, but similar between the two studied 311 species. Out of the different environments selected, they most closely resembled the 312 communities inhabiting the pitchers of a terrestrial carnivorous plant, Sarracenia, and those 313 found inside the guts of herbivorous iguanas. When comparing the metatranscriptomic data 314 from the traps of U. vulgaris with other systems, the highest similarity (more function-related) 315 was with freshwater microbial communities (Figure 2b ).
316
When comparing the trap and periphytic communities associated with one Utricularia 317 species, the bacterial communities in both environments were dominated by Proteobacteria 318 (58% and 54% of assigned sequences in periphyton and trap, respectively; p=0.013) and both 319 had very similar bacterial composition at the family level. Over half of the taxa were shared 320 even at the genus level ( Figure 3) . The Comamonadaceae were the most abundant group, 321 constituting similar proportion (>10%) of both the trap and the periphytic communities. The 322 close similarity of periphytic and trap communities suggests strong links between Utricularia 323 external surfaces and the internal trap environment, with periphyton being the most likely 324 source of inoculum for microbial colonization of traps (Sirová et al., 2009; 2011) .
325
Despite of the high similarity between the trap lumen and the periphyton in terms of 326 prokaryotic community composition, when we compare the microbial co-occurrence analyses, 327 we see two strikingly different systems with distinct "key-stone" taxa (Supplementary Table   328 3) and a distinct degree of interconnectedness ( Supplementary Figures 1, 2) in each of the two 329 environments. While the periphytic communities show a co-occurrence pattern 330 ( Supplementary Figure 1) typically observed in highly spatially and functionally 331 interconnected microbial biofilms, the co-occurrence pattern of the trap community consists In terms of core microbiota, one of the most distinct groups, which were specific to 345 the Utricularia trap environment only, were members of the Peptostreptococcaceae family 346 (Clostridiales), which successfully colonized the lumen, but were rarely found in the 347 periphyton ( Supplementary Table 2a ). The group represents anaerobic fermenters often 348 associated with habitats such as animal guts and oral cavities, manure, soil, and sediments 349 (Slobodkin, 2014) . In the rumen ecosystem, Peptostreptococcus spp. produce high amounts of 350 ammonia, but are not able to hydrolyze intact proteins and do not use carbohydrates as a 351 carbon source. Thus, they occupy a niche of peptide-and amino-acid-degrading 352 microorganisms and depend on proteolytic bacteria (Attwood et al., 1998) able to hydrolyze proteins are present; it is therefore likely that a process highly similar to that 359 in the rumen involving Peptostreptococcaceae, is taking place therein.
360

Methane metabolism 361
Herbivore gut ecosystems generally tend to produce copious amounts of methane as a result 362 of the fermentation activity by the strictly anaerobic methanogenic Archaea (Hackstein and 363 Van Alen, 1996) . Using gas chromatography, we have not detected the release of methane gas 364 from the Utricularia traps (data not shown), and methanogens were not found in our trap fluid 365 samples using the qPCR assay (Table 2) . However, significant amounts of methanotrophs 366 were found, constituting up to 40% of total prokaryotic community ( Supplementary Table   367 2c). These included active obligate methanotrophs, for example from the genus 368 Methylococcus (Gammaproteobacteria, Supplementary Table 2c ). Moreover, methane 369 metabolism was also found to be one of the most expressed prokaryotic modules (KEGG) in 370 the trap fluid metatranscriptome from U. vulgaris (Table 2a ). These somewhat paradoxical 371 results may be explained by a recent discovery (Repeta et al., 2016) that the degradation of 372 dissolved organic matter in the aquatic environment by commonly occurring bacteria, e.g. are frequently isolated from systems with high decomposing plant material content (Shimkets   387   et al., 2006) .
388
Bacterial degradation of cellulose-rich material is more restricted to biomass 389 containing low amounts of lignin, as bacteria are generally poor producers of lignanases.
390
Plant and algal biomass produced in aquatic systems contains little amounts of lignin and is 391 typically degraded by bacteria which are better adapted for the aquatic environment than 392 fungi. Overall numbers of bacterial cells found in the U. reflexa trap fluid were similar to 393 those reported previously (Sirová et al., 2009; 2011) , being an order of magnitude higher in 394 the old traps compared to the young and mature (Table 3) . Bacterial degradation of cellulose-395 rich material is more restricted to biomass containing low amounts of lignin, as bacteria are 396 generally poor producers of lignanases. Plant and algal biomass produced in aquatic systems 397 contains little amounts of lignin and is typically thought to be degraded mostly by bacteria, 398 which are better adapted for the aquatic environment than fungi.
399
Fungi, however, were also found to be present in the traps and represented a 400 significant proportion of the total microbial community, as quantified by qPCR (Table 2) . Šimek K, Pernthaler J, Weinbauer MG, Hornák K, Dolan JR, Nedoma J, et al. (2001) . Table 4 The 40 most expressed prokaryotic (a) and eukaryotic (b) functional KEGG modules.
Figure captions
744
Functional assignment was done in MEGAN, using the KEGG database. Abundances were 745 estimated in Trinity by mapping raw reads to assembled contigs, using the bowtie2 algorithm 
